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This paper presents an advanced estimation method for obtaining the probability density
functions of a damage parameter for valve leakage detection in a reciprocating pump. The
estimation method is based on a comparison of model data which are simulated by using a
mathematical model, and experimental data which are measured on the inside and
outside of the reciprocating pump in operation. The mathematical model, which is
simplified and extended on the basis of previous models, describes not only the normal
state of the pump, but also its abnormal state caused by valve leakage. The pressure in the
cylinder is expressed as a function of the crankshaft angle, and an additional volume flow
rate due to the valve leakage is quantified by a damage parameter in the mathematical
model. The change in the cylinder pressure profiles due to the suction valve leakage is
noticeable in the compression and expansion modes of the pump. The damage parameter
value over 300 cycles is calculated in two ways, considering advance or delay in the
opening and closing angles of the discharge valves. The probability density functions of the
damage parameter are compared for diagnosis and prognosis on the basis of the proba-
bilistic features of valve leakage.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Because reciprocating pumps are widely used as fluid power
pumps in fluid machines that require a high degree of safety,. Lee).
sevier Korea LLC on beha
mons.org/licenses/by-ncsuch as those in nuclear power plants, the number of studies
on the monitoring and prognostics of the reciprocating pump
during operation has been steadily increasing. Each cylinder
of a reciprocating pump system consists of suction andlf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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Fig. 1 e Single-cylinder reciprocating pump. (A) Schematic
diagram, (B) suction valve, and (C) discharge valve. BDC,
bottom dead center; TCD, top dead center.
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driven by an electric motor. During one cycle, a low-pressure
fluid enters through the suction valve and flows out through
the discharge valve after it is compressed to a high pressure.
The suction and discharge valves are opened or closed by the
pressure difference between the two sides of each valve.
Especially when each valve is closed, it impacts each valve
stopper. Repeated impacts can damage the rim of the valve. In
this study, amathematical model is developed to quantize the
damage of the suction valve, and an estimation method to
obtain the probability density functions of a damage param-
eter is presented.
Mechanical behaviors of pumps have been investigated
numerically and experimentally withmathematicalmodels to
accurately predict the mechanical behavior of each compo-
nent in the pump design stage and to diagnose damage during
operation [1e3]. Lee et al. [4] developed a unified mathemat-
ical model to explain not only the normal state of the recip-
rocating pump, but also its abnormal state. They successfully
calculated the value of a damage parameter by comparing
cylinder pressure profiles, which were simulated and
measured in a compression mode, during each cycle. In that
study, two cylinder pressure profiles in compression and
expansion modes were compared for damage parameter
calculation. The effective cross-sectional area related to the
valve leakage was defined, and its probability density func-
tions were obtained. In our study, the mathematical model is
extended and simplified to compare measured and simulated
pressure profiles, not only in a compression mode, but also in
an expansion mode. Using the mathematical model, the
probability density function of the effective cross-sectional
area will be obtained.
Many studies have been carried out on the precise pre-
diction of mechanical behavior in reciprocating pumps. Shu
et al. [5] developed a model for pressure pulsation in a recip-
rocating pump piping system. Johnston [6] proposed a nu-
mericalmodel of a reciprocating pumpwith self-acting valves.
Singh and Madavan [7] included the piping system in the
reciprocating pump model for complete simulation. Able [8]
considered the acceleration head in a reciprocating pump
model. Rudolf et al. [9] optimally designed reciprocating
pumps used in natural gas wells. Henshaw [10] studied the
valve dynamics of the power pump. In addition, Jarell et al. [11]
reviewed prognostics-based and condition-based mainte-
nance of a scientific crystal ball.
This paper is organized as follows. A unified mathematical
model developed in our previous work [4] is improved to
explain the mechanical behavior of a single-cylinder recipro-
cating pump not only in a normal state, but also in an
abnormal state brought on by suction valve damage. The
simulated cylinder pressure profiles will be compared with
measured cylinder pressure profiles not only in a compression
mode, but also in an expansion mode. In a normal state, the
specific values of the tuning parameters are determined and
then an effective cross-sectional area related to the amount of
damage of the suction valve is calculated. On the basis of the
effective cross-sectional area calculated over 300 cycles, the
probability density function of the damage parameter is ob-
tained depending on the amount of damage in the suction
valve.2. Mathematical expression of single-
cylinder reciprocating pump
To develop a mathematical model for the mechanical
behavior of the single-cylinder reciprocating pump (see
Fig. 1A), the previous approach [4] is recalled and simplified for
the model under consideration. The water flows into the cyl-
inder through the suction valve (see Fig. 1B) and flows out of
the cylinder through the discharge valve (see Fig. 1C). The
valves are opened and closed automatically depending on the
force difference between the two sides of the valves. It is
assumed that the crankshaft is rotating at a constant speed
and thematerial properties of the working fluid (water) do not
change during operation, except for its bulk modulus. In this
study, a unified mathematical model developed in a previous
study is improved to describe the normal and abnormal states
of the reciprocating pump.2.1. Volume flow rate
The volume flow rate (Qc) of the cylinder is expressed in Eq. (1)
by using the Reynolds transport theorem [12]:
(A) (B) (C) (D)
Fig. 2 e Operating modes of single-cylinder reciprocating pump. (A) Compression mode, (B) discharge mode, (C) expansion
mode, and (D) suction mode.
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Fig. 3 e Valve used in suction and discharge ports. (A) Actual valve, (B) horizontal cross section of suction valve, (C) free body
diagram for suction valve, and (D) free body diagram for discharge valve.
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Fig. 4 e Schematic diagrams. (A) Flow loop with
reciprocating pump system, (B) experimental setup, (C)
pressure sensor and accelerometer, and (D) encoder.
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where Qp is the change rate of the cylinder volume (Vp) due to
piston displacement xp as given by Eq. (2a), which is expressed
as a function of the connecting rods (r and l) and the rotation
angle q of the crankshaft in Eq. (2b) [13]:
Qp ¼ dVpdt ; Vp ¼ Apxp þ Vc; (2a)
xp ¼ rð1þ cos qÞ þ l

1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 r2=l2  sin2 q
q 
; (2b)where Ap and Vc denote the cross-sectional area of the piston
and the clearance volume, respectively. The piston is moving
up and down between top dead center (TDC) and bottom dead
center (BDC). The volume flow rates through the suction and
discharge valve ports (Qs and Qd) are expressed as Eqs. (3) and
(4), respectively [14]:
Qs ¼ AspCin
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ðPin  PcÞ=r
p
; (3)
Qd ¼ AdpCout
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ðPc  PmÞ=r
p
; (4)
where Asp and Adp are the cross-sectional areas of the suction
and discharge ports, respectively, and Cin and Cout are the flow
coefficients of fluid flowing into and out of the cylinder,
respectively. The variables Pin and Pm denote the pressures in
the suction pipe and the outlet manifold, respectively.
Further, Pc and r denote the pressure in the cylinder and the
water density, respectively. The volume flow rate due to valve
leakage is denoted byQl and is specified as in Eq. (5) when only
the suction valve leakage is considered:
Ql ¼ Qls for suction valve leakage (5a)
Qls ¼ AlsCin
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2jPin  Pcj=r
p
$ðPin  PcÞ=jPin  Pcj (5b)
where the effective cross-sectional area Als changes with the
magnitude of the suction valve damage.
Two cases are considered in this study: (a) normal state in
Case 1; and (b) abnormal state due to suction valve leakage in
Case 2. In Case 1, four operating modes are specified as in Eq.
(6), where the volumeflow rate due to suction valve leakageQls
is removed:
Compression mode : Qc ¼ Qp: (6a)
Discharge mode : Qc ¼ Qp þ Qd (6b)
Expansionmode : Qc ¼ Qp (6c)
Suction mode : Qc ¼ Qp  Qs (6d)
In contrast, in Case 2, the volume flow rate due to suction
valve leakage Qls is included in compression, discharge, and
expansion modes as in Eq. (7):
Compression mode : Qc ¼ Qp  Qls: (7a)
Discharge mode : Qc ¼ Qp þ Qd  Qls (7b)
Expansionmode : Qc ¼ Qp  Qls (7c)
Suction mode : Qc ¼ Qp  Qs (7d)
2.2. Cylinder pressure
The cylinder pressure Pc that changes with the rotating angle
is derived from the definition of the bulk modulus b in Eq. (8)
[4]:
b ¼ Vp dPcdVp : (8)
(A)
(B)
(C)
Fig. 5 e Valve photographs. (A) Normal valve, (B) abnormal
valve I, and (C) abnormal valve II.
Fig. 6 e Measured data in reciprocating pump system. (A)
Comparison of pressures and acceleration, (B) opening
angle f1, and (C) highest acceleration peak angle f2, closing
angle f3, and angle difference.f4
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rotation angle q is expressed as a function of the angular speed
u of the crankshaft:
dPc
dq
¼ b
u
Qc
Vp
: (9)
2.3. Opening and closing of valves
As shown in Fig. 2, the mechanical behavior of the cylinder in
the reciprocating pump consists of four operating modes: (A)compression mode, (B) discharge mode, (C) expansion mode,
and (D) suction mode. Both the opening angles of the suction
and discharge valves, and their closing angles, are deter-
mined solely by the force difference between the two sides of
each valve. The surfaces of the two sides of the actual valve
in Fig. 3A are not flat as illustrated in Fig. 3B, when the
pressure is applied normal to the valve surface. Therefore, as
suggested in [4], the additional force applied to the suction
valve and discharge valve, DFs and DFd, respectively, should
be considered when calculating the force caused by the
pressures.
When the relationship between Pin and Pc satisfies Eq. (10a),
developed for the free body diagram in Fig. 3C, the suction valve
is opened, and the reciprocating pump is in the suction mode.
(C)
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)
Fig. 7 e Comparison of pressure profiles depending on the
state of the suction valve in cylinder 1.
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the suction valve in the ith cycle is determined from Eq. (10b):
PinAsp  PcAs þ DFs þ ksxinis (10a)
at q ¼ qi4; Pc ¼
εsAsp
As
Pin  ksx
ini
s
As
; εs ¼ 1 DFsAsp
1
Pin
(10b)
where As is the actual cross-sectional area of the suction
valve, and εs is the correction factor for the cross-sectional
area of the suction valve. The symbols ks and xinis represent
the stiffness and the initial compression of the suction valve
spring, respectively.
When the relationship between Pm and Pc satisfies Eq. (11a),
developed for the free body diagram in Fig. 3D, the discharge
valve is opened, and the reciprocating pump is in the discharge
mode. Otherwise, the discharge valve is closed. The opening
angle of the discharge valve is determined from Eq. (11b):
PcAdp  PmAd þ DFd þ kdxinid (11a)
at q ¼ qi2; Pc ¼
εdAd
Adp
Pm þ kdx
ini
d
Adp
; εd ¼ 1þ DFdAd
1
Pm
(11b)Table 1 e Values of symbols in mathematical model of single-
Symbol Parameter
Ad Cross-sectional area of disch
Adp Cross-sectional area of disch
Ap Cross-sectional area of pisto
As Cross-sectional area of sucti
Asp Cross-sectional area of sucti
ks Spring constant of suction v
kd Spring constant of discharge
l Length of longer connecting
r Length of shorter connectin
Vc Clearance volume
xinid Initial compression of disch
xinis Initial compression of suctio
r Fluid density
u Angular velocity of crankshawhere Ad is the actual cross-sectional area of the discharge
valve, and εd is the correction factor for the cross-sectional
area of the discharge valve. The symbols kd and xinid repre-
sent the stiffness and the initial compression of the discharge
valve spring, respectively.3. Experiment
Fig. 4 shows the schematic diagrams of the flow loop with the
reciprocating pump systemand the experimental setup used in
this study. The reciprocating pump system has three identical
reciprocating pumps and one outlet manifold. Five pressure
sensors (Kistler 211B2 and Wise P116, Sungbo Hydro Engineer-
ing Co. Ltd, Seoul, South Korea) were used to measure the
pressures in each pump, inlet pipe, and manifold, and one
accelerometer (Bruel & Kjaer, Type 4393, Sungbo Hydro Engi-
neering Co. Ltd, Seoul, South Korea) was installed to measure
the vibration signals of the manifold, as shown in Fig. 4B. An
encoder (Autonics E50S8-3600-3-T-5, SungboHydroEngineering
Co. Ltd, Seoul, South Korea) was installed to record the angle of
the rotating axis of the pumpmotor. Three types of valve were
considered as shown in Fig. 5: (A) normal valve, (B) abnormal
valve I, and (C) abnormal valve II. The amount of damage in
abnormal valve II is more than that in abnormal valve I.
Fig. 6 compares the pressure and acceleration signals
during one cycle in the rotation angle of the crank shaft when
normal valves were used in the suction and discharge ports.
The BDC angle was set to 0, as shown in the figure. The cyl-
inder pressure (Pc) increased as the piston moved up and
reached the highest values just before the discharge valve was
opened. The highest pressure angle was denoted by f1 as
shown in Fig. 6B. After the discharge mode, Pc decreased, and
the piston moved down. At the end of the discharge mode, a
high-peak acceleration signal was observed, as shown in
Fig. 6C, owing to the impact between the discharge valve and
the valve stopper. The highest acceleration peak angle was
denoted by f2. Considering the delay between the excitation
due to the impact and the response, the closing anglef3 of the
discharge valve was less than f2, and f3 is defined as the angle
that satisfies Pc¼ Pm under the assumption that the spring
force (approx. 0.2 bar) is so small as to be negligible comparedcylinder reciprocating pump.
Value
arge valve 3.94  104 (m2)
arge port 2.14  104 (m2)
n 4.19  104 (m2)
on valve 3.94  104 (m2)
on port 2.14  104 (m2)
alve 420 (N/m)
valve 420 (N/m)
rod 0.48 (m)
g rod 0.12 (m)
1.45  104 (m3)
arge valve spring 0.001 (m)
n valve spring 0.001 (m)
1000 (kg/m3)
ft 120.8 (rad/s)
(degree)
(b
ar
)
(A)
(B)
Fig. 8 e Tuning parameters of the developed mathematical
models. (A) εd and (B) bulk modulus (bc in compression
mode and be in expansion mode).
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and f3 was denoted by f4.
Fig. 7 compares the cylinder pressure profiles depending on
the state of the suction valve; the profiles were strongly
affected by the magnitude of the suction valve damage. The
discharge mode period was reduced in the abnormal state
relative to that of the normal state of the suction valve. TheTable 2e Specific values of tuning parameters of themathemati
Symbol Quantity
εd Correction factor of cross-sectional a
εs Correction factor of cross-sectional a
a1 Coefficient of linear term in Eq. (13a
a2 Coefficient of quadratic term in Eq. (
b2 Coefficient of linear term in Eq. (13b
c2 Coefficient of constant term in Eq. (1
a3 Coefficient of quadratic term in Eq. (
b3 Coefficient of linear term in Eq. (13c
c3 Coefficient of constant term in Eq. (1
Pref Reference pressure change of bulk mdischarge mode started later and ended in advance, and its
period decreased as the damage amount of the suction valve
increased. The change trend in the cylinder pressure profile
could provide useful information on the degree of valve
damage, which will be combined with the mathematical
model developed in the previous section.4. Probability density functions of damage
parameter
The probability density functions of a damage parameter are
obtained using themathematicalmodels developed in Section
2 and the experimental data measured in Section 3. Before
extracting the probability density functions of the damage
parameter on the basis of the developedmathematical model,
the values of three tuning parameters are determined by using
experimental data measured in the normal state, where the
undamaged valves in Fig. 5A are installed in the suction and
discharge ports. Two abnormal states are then considered by
using the damaged valves in Figs. 5B and 5C in the suction port
only. The rotation angle derivative in the developed mathe-
matical model is calculated by using the following finite dif-
ference equation in Eq. (12):
dgðqÞ
dq
y
gðqþ DqÞ  gðqÞ
Dq
: (12)
where g(q) denotes the functions of the rotation angle. The
specific values of the symbols used in the mathematical
model are listed in Table 1.4.1. Normal state
Because the mathematical model in Section 2 was developed
using ideal assumptions, the values of three parameters were
tuned by using the pressure data measured in a normal state
to precisely predict the mechanical behavior of the recipro-
cating pump. The bulk modulus b in Eq. (8) and the correction
factors, εs and εd in Eqs. (10b) and (11b), were selected as the
tuning parameters. Figs. 8A and 8B compare the measured
cylinder pressure, which is plotted by using a black solid line,
and the two simulated cylinder pressures, which are plotted
by using red and blue dashed lines. As shown in Fig. 8A, when
the nominal value, εd¼ 1, is used for εd, the pressure difference
was significant near the opening angle of the discharge valve.calmodel and the coefficients in Eq. (13) in the normal state.
Value
rea of discharge valve 057
rea of suction valve 1.8
) 1.2  103
13b) 6.51  102 (1/bar)
) 4.47  10
3b) 3.093  104 (bar)
13c) 6.51  102 (1/bar)
) 4.47  10
3c) 4.04  104 (bar)
odulus 1.5 (bar)
(degree)
5(A)
5(B)
5(C)
Fig. 9 e Probability density functions of the opening angle
f1 of the discharge valve depending on the damage
amount of the suction valve.
5(B)
5(C)
×
×
×
×
( (
( (
( (
(A)
(B)
(C)
Fig. 10 e Probability density functions of the damage
parameter (Als) in compression mode depending on the
damage amount of the suction valve. (A) Histogram when
the valve in Fig. 5B is used in the suction port, (B)
histogram when the valve in Fig. 5C is used in the suction
port, and (C) comparison of probability density functions.
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set to εs¼ 1.8. Fig. 8B shows the change in the simulated cyl-
inder pressure depending on the bulk modulus in compres-
sion and expansionmodes. The red dashed line represents the
simulated cylinder pressure for the constant value of b, and
the blue dashed line is calculated by tuning the bulk modulus
using Eq. (13):
bc ¼ a1P for compression and Pc  Pref (13a)
bc ¼ a2P2c þ b2Pc þ c2 for compression and Pc  Pref (13b)
be ¼ a3P2c þ b3Pc þ c3 for expansion (13c)
where the specific values of a1, a2, a3, b2, b3, c2, c3, and Pref are
listed in Table 2. Two curve-fitting equations [Eqs. (13a) and
(13b)] were used in the compression mode depending on the
change rate of the cylinder pressure with respect to the rota-
tion angle. The cylinder pressure changed slightly for Pc Pref
and increased abruptly for Pc Pref. In this study, Prefwas set to
1.5 bar.
4.2. Abnormal state
The effective cross-sectional area Als related to suction valve
leakage was calculated in two ways. In the first method, the
simulated and measured pressure profiles were compared in
the compression mode as in the previous study [4]. In the
second method, they were compared in the expansion mode.
Over the course of 300 cycles, f1, f2, and f3 were compared
from themeasured pressure data in one normal state and two
abnormal states.
Fig. 9 compares the probability density functions of the
opening angle (f1). The mean value and standard deviation
value of the opening angle increased as the magnitude of the
suction valve damage increased. This trend was also observed
in the probability function of the damage parameter (Als) in
Fig. 10, which was calculated by using the cylinder pressure
profiles in the compressionmode. The histograms in Figs. 10Aand 10B were used to obtain the probability density functions
in Fig. 10C, which were calculated by using Eq. (14):
Table 3 e Specific values of coefficients in Eq. (14) used to
represent the probability density of damage parameters
calculated in compression and expansion modes.
Damaged valve in
Fig. 5B
Damaged valve in
Fig. 5C
Compression
mode
m 6.191 10-6(m2) 11.426 10-6(m2)
s 0.963 10-6 (m2) 4.075 10-6(m2)
Expansion
mode
m 2.157 10-6(m2) 4.298 10-6(m2)
s 1.315 10-6(m2) 1.663 10-6 (m2)
(A)
(B)
(C)
(A)
(B)
(C)
(A)
(B)
(C)
(degree)
(degree)
(degree)
(A)
(B)
(C)
Fig. 11 e Probability density functions of f2, f3, and f4
depending on the damage amount of the suction valve. (A)
f2, (B) f3, and (C).f4
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p $exp
 


x m
2s2
2!
(14)
where the probability density y is expressed as a function of
the damage parameter x, and the specific values of the stan-
dard deviation (s) and the mean (m) are listed in Table 3.
Before moving onto the second method, the probability
density functions of f2, f3, and f4, defined in Fig. 6, are
compared in Fig. 11. While the mean values of f2 and f3
significantly decrease as the magnitude of the damage in-
creases, the change in the mean values of f4 were negligible
compared with f2 and f3. This implies that the response delay
is nearly constant, independent of the damage amount. One
interesting point is found: the closing angle f3 of the discharge
valve could be extracted from themeasured acceleration peak
anglef2 if theconstantvalueoff4 in thenormal state is known.
In addition, the slope of the cylinder pressure in the
expansion mode changed depending on the damage amount
of the suction valve as shown in Fig. 7. Using this observa-
tion, the probability density functions of the damage
parameter Als in two abnormal states were calculated by
using the measured and simulated pressures as shown in
Fig. 12. The same equation as in Eq. (14) was used for this
probability density function, and the specific values of the
standard deviation and the mean are listed in Table 3. The
probability density functions of Als in the expansion mode do
not exactly coincide with those in the compression mode.
However, the changing trend depending on the damage
amount is remarkably observed.
The advantage of the second method, which is suggested
in this study, over the first method, which was suggested in
the previous study [4], is that the secondmethod is an indirect
method with high durability. Whereas the first method re-
quires cylinder pressure profiles measured directly with the
pressure sensor, the second method uses acceleration signals
with a response delay to estimate the damage amount. The
pressure sensor installed through the cylinder wall is easily
degraded under a high-pressure and high-cycle-operation
situation. However, the accelerometer installed on the cylin-
der block could be used semipermanently in comparison with
the pressure sensor, and the response delay could be
measured in a pilot experiment.5. Conclusion
In this study, an advanced extractionmethodwas proposed to
obtain the probability density functions of a damage param-
eter to quantize the amount of valve damage in a single-cylinder reciprocating pump system. To this end, an earlier
mathematical model was extended and simplified to compare
the cylinder pressure profiles, which were measured experi-
mentally and simulated theoretically. Among the four
( (
( (
( (
×
×
×
×
(B)
(C)
(A)
(B)
(C)
Fig. 12 e Probability density functions of the damage
parameter (Als) in expansion mode depending on the
damage amount of the suction valve. (A) Histogram when
the valve in Fig. 5B is used in the suction port, (B)
histogram when the valve in Fig. 5C is used in the suction
port, and (C) comparison of probability density functions.
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compared not only in the compression mode, but also in the
expansion mode. After the tuning parameters were adjustedin the normal state, the damage parameter was calculated
over 300 cycles in the abnormal state. On the basis of the
histograms of the damage parameter, its probability density
functions were obtained to quantize the damage amount of
the valve. The mean and standard deviation values of the
effective cross-sectional area increased with the damage
amount of the suction valve. In the procedure, it was found
that the response delay, which was the angle difference be-
tween the acceleration peak angle and the closing angle of the
discharge valve, remained constant independent of the
damage amount of the valve. This fact will be used by the
indirect damage parameter to monitor the degree of the
abnormal state in the reciprocating pump.
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Ad cross-sectional area of discharge valve (m
2)
Adp cross-sectional area of discharge port (m
2)
Als effective cross-sectional area related to suction valve
leakage (m2)
Ap cross-sectional area of piston (m
2)
As cross-sectional area of suction valve (m
2)
Asp cross-sectional area of suction port (m
2)
Cin flow coefficient of fluid flowing into cylinder
Cout flow coefficient of fluid flowing out of cylinder
DFd additional force applied to discharge valve (N)
DFs additional force applied to suction valve (N)
ks spring constant of suction valve (N/m)
kd spring constant of discharge valve (N/m)
l length of longer connecting rod (m)
lc thickness of piston (m)
r length of shorter connecting rod (m)
Pc pressure inside cylinder (bar)
Pin pressure in suction pipe (bar)
Pm pressure in outlet manifold (bar)
Qc volume flow rate of cylinder (m
3/s)
Qd volume flow rate of fluid flowing out through
discharge port (m3/s)
Ql volume flow rate attributed to leakage (m
3/s)
Qp volume flow rate attributed to piston displacement
(m3/s)
Qs volume flow rate of fluid flowing in through suction
port (m3/s)
Vc clearance volume (m
3)
Vp cylinder volume changing with piston displacement
(m3)
xinid initial compression of discharge valve spring (m)
xd displacement of discharge valve (m)
xp piston displacement (m)
xinis initial compression of suction valve spring (m)
xs displacement of suction valve (m)
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 2 8 0e1 2 9 01290Greek symbols
b elastic bulk modulus (bar)
εs correction factor of cross-sectional area of suction
valve
εd correction factor of cross-sectional area of discharge
valve
q rotation angle of crankshaft (degree)
qi1 closing angle of suction valve in the i
th cycle (degree)
qi2 opening angle of discharge valve in the i
th cycle
(degree)
qi3 closing angle of discharge valve in the i
th cycle
(degree)
qi4 opening angle of suction valve in the i
th cycle
(degree)
r fluid density (kg/m3)r e f e r e n c e s
[1] Y.J. An, B.R. Shin, Numerical investigation of suction vortices
behavior in centrifugal pump, J. Mech. Sci. Technol. 25 (2011)
767e772.
[2] W. Wan, W. Huang, Investigation on complete
characteristics and hydraulic transient of centrifugal pump,
J. Mech. Sci. Technol. 25 (2011) 2583e2590.
[3] S.Y. Lee, Acoustic diagnosis of a pump by using neural
network, J. Mech. Sci. Technol. 20 (2006) 2079e2086.
[4] J.K. Lee, J.K. Jung, J. Chai, J.W. Lee, Mathematical modeling of
reciprocating pump, J. Mech. Sci. Technol. 29 (2015)
3141e3151.
[5] J.J. Shu, C.R. Burrow, K.A. Edge, Pressure pulsations in
reciprocating pump piping systems-Part 1: modeling, Proc.
Inst. Mech. Eng. I J. Syst. Control Eng. 211 (1997) 229e235.[6] D.N. Johnston, Numerical modelling of reciprocating pumps
with self-acting valves, Proceedings of the Institution of
Mechanical Engineers, Part I, J. Syst. Control Eng. 205 (1991)
87e96.
[7] P.J. Singh, N.K. Madavan, Complete analysis and simulation
of reciprocating pumps including system piping, Proceedings
of the Fourth International Pump Symposium, Texas, USA,
1987, pp. 55e73.
[8] S.D. Able, Reciprocating pump acceleration head,
Proceedings of ASME FEDSM01-2001 ASME Fluids
Engineering Division Summer Meeting, New Orleans, USA,
2001, pp. 1e7.
[9] J.J. Rudolf, T.R. Heidrick, B.A. Fleck, V.S.V. Rajan,
Optimum design parameters for reciprocating pumps
used in natural gas wells, J. Energy Resour. Technol. 127
(2005) 285e292.
[10] T. Henshaw, Power pump valve dynamics-a study of the
velocity and pressure distribution in outward-flow bevel-
face and flat-face power pump valves, Proceedings of 25th
International Conference Pump Users Symposium, Texas,
USA, 2009, pp. 23e32.
[11] D. Jarell, D. Sisk, L. Bond, Prognostics and Condition based
maintenance (CBM)dA scientific Crystal ball, Pacific
Northwest and National Laboratory, Richland, WA,
International Congress on Advanced Nuclear Power Plants,
Proc. Pac. Int. Congr. Adv. Nucl. Power Plants 194 (2002),
194e201e207.
[12] F.M. White, Fluid Mechanics, third ed., McGraw-Hill, New
York, USA, 1994.
[13] A.G. Erdman, G.N. Sandor, Mechanism Design: Analysis and
Synthesis/Diskette, second ed., Prentice Hall, New Jersey,
USA, 1990.
[14] Y. Cengel, J. Cimbala, Fluid Mechanics: Fundamentals and
Applications, third ed., McGraw-Hill, New York, USA, 2013.
